Introduction
Secondary hyper-parathyroidism (SHPT) is a common complication of patients with endstage renal disease (ESRD). Elevated parathyroid hormone (PTH) levels may be associated with increased risks of mineral bone disorders, vascular calcification, and cardiovascular mortality [1] . Parathyroidectomy (PTX) is reserved for medically refractory SHPT. Drastic reductions in PTH and phosphate levels after PTX may lead to improved blood pressure (BP) and arterial stiffness [2, 3] .
In patients with ESRD, increased arterial stiffness, known as reduced vascular compliance, may contribute to higher systolic BP, widened pulse pressure (PP), increased left ventricular hypertrophy, and even cardiovascular mortality [4, 5] . Arterial stiffness may have a negative impact on hemodynamic stability due to inadequate effective volume autoregulation, especially during ultra-filtration [6] . In addition, there is increasing evidence of an important link between arterial stiffness and intra-dialysis hypotension (IDH) [7, 8] . Whether or not arterial stiffness and IDH improve after PTX remains unknown. Frequent episodes of IDH may cause reduced ultra-filtration, inadequate "dry weight", increased pre-load, and impaired heart function that eventually leads to more episodes of IDH, thus creating a vicious cycle.
To date, most studies have focused on alterations in pre-dialysis BP after PTX. Under the hypothesis that PTX may be associated with improved arterial stiffness and IDH that stabilize hemodynamic status and heart performance, this study aimed to analyze the IDH frequency and cardiovascular function before and after PTX in patients under maintenance hemodialysis.
Materials and Methods

Study design and subjects
Twenty-one hemodialysis patients who received total PTX with auto-transplantation of parathyroid tissue fragments at Taipei Veterans General Hospital between 2005 and 2011 were enrolled. All of them received long-term hemodialysis and were seen thrice weekly by their nephrologists for at least one year after PTX. Most had pre-operative PTH levels > 800 pg/mL associated with hypercalcemia and/or hyperphosphatemia that were refractory to medical therapy. Four patients had pre-operative PTH levels > 500 pg/ mL accompanied by mineral bone disorders. Patients who received previous renal transplant or PTX were excluded. The hospital's Institutional Review Board approved the study and the need for informed consent was waived because of the retrospective design.
The baseline characteristics of the study subjects, including age, sex, co-morbidities, causes of ESRD, and number of anti-hypertensive drugs (AHD), were obtained by review of medical records. Coronary heart disease was defined as the narrowing or blockage of coronary arteries in coronary angiography or ischemic changes in myocardial perfusion scans. Viral hepatitis carriers were defined as chronic HBV carriers or those with resolved HCV hepatitis status.
Blood pressure measurement and biochemistry examination
Hemodialysis was performed three times weekly (4 hours per session) using 1. Table 2 ); and magnesium 1.0 mEq/L) at 36°C. The ultra-filtration strategy was linear to achieve dry weight. Measures undertaken to reduce IDH included a temporary reduction of the ultra-filtration and dialysate temperature, increasing the dialysate sodium level, or the use of midodrine or hyper-osmolar solution. The assessment of dry weight relied primarily on the clinical evaluation of the patient's hydration by experienced nephrologists. Brachial BP was measured with an oscillometric device. The hemodialysis data of each patient at time points of 1 month before, and 6 and 12 months post-PTX, including pre-and intra-dialysis BP, body weight, ultrafiltration volume, and dialysate composition at each dialysis session, were obtained.
The mean values from 13 dialysis sessions (1 month) at these three time points were calculated. Intradialysis BP was checked at least 4 times during each dialysis session, while IDH was defined as a decrease in SBP ≥ 20 mmHg or a decrease in MAP ≥ 10 mmHg [9] . The Kt/V and the number of AHD prescribed were also recorded at each time point. The pre-dialysis laboratory tests before and after PTX included serum albumin, calcium (Ca), phosphate (P), alkaline phosphatase, hematocrit, and intact PTH levels. 
Evaluation of ventricular function and cardiothoracic ratio
All of the patients received annual routine assessment of ventricular function by first pass radionuclide ventriculography using technetium 99m pertechnetate and chest X-ray (CXR) 1 month before and 1 year after PTX to compare alterations in heart function. Cardiothoracic ratios (CTRs) were obtained from post-dialysis CXR in a standing position (posterior-anterior view) and calculated by dividing the maximal transverse diameter of the cardiac silhouette by the transverse inner diameter of the rib cage. Assessment of heart function was performed around the time of the blood tests.
Statistical analysis
Data were expressed as mean ± standard deviation (SD) or inter-quartile range, where indicated. One-way repeated-measures analysis of variance (ANOVA) was used to detect significant differences between baseline and at 6 and 12 months. For heart function, only comparisons of baseline and 12 months were performed. Univariate simple regression analysis was used to assess the linear relationship between parameters. Statistical significance was set at p < 0.05. All of the statistical analyses were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). The demographic data of the enrolled patients are shown in Table 1 . The patients' mean age at the time of PTX was 57.4 ± 12.0 years. Of the 21 patients, seven were male (33.3%) and 14 were female (66.6%). The mean vintage of hemodialysis before PTX was 12.2 ± 5.8 years. The most prevalent co-morbidities were hypertension (76.2%), diabetes mellitus (14.3%), coronary artery disease (23.8%), and chronic viral hepatitis (23.8%). The etiologies of ESRD included hypertension in 2 (9.5%) patients, diabetes mellitus in 3 (14.3%), chronic glomerulonephritis in 3 (14.3%), chronic interstitial nephritis in 3 (14.3%), polycystic kidney disease in 3 (14.3%), obstructive nephropathy in 2 (9.5%), and unknown in 5 (23.8%).
Results
Patient characteristics
Effects of PTX on pre-and intra-dialysis BP and IDH
The serial changes in pre-and intra-dialysis BP are listed in Table 2 . Compared to baseline (one month pre-PTX), pre-dialysis systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP), and PP were reduced significantly at 6 months post -PTX (M6). There were still significant reductions in DBP and MAP at 12 months post -PTX (M12). Reductions in SBP and PP tended to proceed until M12, but did not reach statistical significance (p = 0.438 for SBP; p = 0.085 for PP).
At baseline and at 6-and 12-months post-PTX, the one-month dialysis sessions were interrupted by IDH 6.4 ± 3.7 times, 3.9 ± 2.3 times (p < 0.016 compared to baseline), and 4.0 ± 3.1 times (p < 0.037 compared to baseline, p = 0.801 compared to 6 months post-PTX), respectively ( Figure 1) . and right ventricular ejection fraction (LVEF and RVEF) improved significantly at 12-months post-PTX (LVEF: 59.3 ± 10.1% vs. 53.6 ± 9.8%, p = 0.004; RVEF: 50.1 ± 8.1% vs. 45.8 ± 9.5%, p = 0.003). The CTR also significantly decreased after PTX.
Discussion
The current study demonstrates that IDH is significantly reduced after PTX in maintenance hemodialysis patients with severe SHPT. Frequent IDH disrupts dialysis efficiency and efficacy, and is associated with higher morbidity and mortality [10] [11] [12] . The causes of IDH include cardiovascular and neuro-hormonal systems failure to compensate for the acute vascular volume depletion during ultra-filtration [7, [13] [14] [15] [16] . However, the effect of PTH on the pathogenesis of IDH is unclear. The aim of the current study is to elucidate the association between SHPT and IDH.
In general, symptomatic hypotension occurs in 20-30% of dialysis sessions [17, 18] . In this study, the incidence rates before PTX, and at 6 and 12 months after PTX are 49%, 30%, and 32%, respectively. Hyper-parathyroidism may play a pivotal role in IDH as SHPT is associated with endothelial dysfunction and arterial stiffness in hemodialysis patients [15, 16] . Lowering PTH levels can ameliorate arterial calcification in uremic rats as well as in patients with primary or renal hyperparathyroidism [19] [20] [21] .
Although pulse wave velocity was not measured in the current study, another arterial stiffness indicator, PP, was significantly decreased after PTX [22] . Impaired vascular elastic properties and reduced arterial compliance may cause hemodynamic instability and lead to an increased risk of IDH [8, 23] . Previous studies have reported that ventricular stiffness at end-systole is also correlated with volume status in hemodialysis patients [6, 24] . Therefore, as shown here, fewer IDH events may be associated with better volume status control, probably through improved arterial stiffness or cardiac status.
In the current study, pre-dialysis BP is reduced at 6 to 12 months after PTX. The BP-lowering effect of PTX has also been reported in patients with primary hyperparathyroidism, [25, 26] , in hemodialysis patients with SHPT, [27] [28] [29] , and in renal allograft recipients with SHPT [30, 31] . Generally, vascular calcification and arterial stiffness may be major contributors to hypertension in hemodialysis patients with SHPT [2, 4] . However, the mechanisms of the BP-lowering effect after PTX remain unclear. In an animal study, PTX can reverse increased pulmonary calcification and reduce pulmonary hypertension [32] . In a small-scale human study, similar results of decreased arterial stiffness have been noted after treatment with a calcimimetic agent [3, 20] .
Effects of PTX on laboratory values
The median PTH level declined significantly from 1011.0 pg/mL to 19.1 and to 20.5 pg/mL at 6 and 12 months post-PTX, respectively ( Table 2) . Levels of Ca, P, alkaline phosphatase, and Ca x P products also decreased significantly. Although the significant increase in dialysate calcium level after PTX may have confounded the reduction in IDH episodes, there was no correlation with reduced IDH episodes (Figure 2 ). There were no differences in hematocrit and albumin levels before and after PTX.
Effects of PTX on ventricular function and volume status
Compared to baseline, values of left In the present study, PTX is associated with subsequent reductions in IDH and PP, which may partly explain the improved BP control post-PTX. Thus, improved arterial stiffness may be responsible for the better pre-dialysis BP control after a drastic reduction in PTH level.
Previous experimental studies reveal that PTH is associated with myocardial hypertrophy, stunning, and fibrosis [33] [34] [35] . Moreover, PTX has been reported to improve long-term survival in dialysis patients with SHPT [36, 37] . The current study shows the positive impact on systolic heart function of withdrawing PTH stimulation. Similarly, Drueke et al. [38] have disclosed that the LVEF of hemodialysis patients significantly improve oneto-two weeks after PTX. Moreover, Gafter et al. [39] demonstrated that PTX is beneficial for patients with cardiac dysfunction prior to PTX. Ohara et al. [40] have also shown that diastolic function improves after PTX in patients with primary hyper-parathyroidism. Therefore, it can be posited that PTX provides an effective and promising strategy for dialysis patients with severe SPHT for improving heart function and volume control beyond targeting mineral bone disorders.
Limitations
First, this is a single-center study with an observational design and relatively small sample size. As such, it is not possible to examine a cause-effect relationship and only hypotheses may be proposed. Second, the widened PP is associated with pulse wave velocity and is regarded as an indirect indicator of increased arterial stiffness [41, 42] . Although PP does not directly indicate arterial stiffness, it is associated with strong end points like myocardial infarction, congestive heart failure, and even cardiovascular mortality [43] [44] [45] . Third, serial CTRs are only indirect markers of hydration. Nonetheless, the strength of this study is the inclusion of a detailed analysis of intra-dialysis BP, exact recordings of IDH, and heart function examinations by radionuclide ventriculography before and after PTX.
Conclusions
Parathyroidectomy reduces pre-dialysis BP and the number of IDH episodes, increases ultra-filtration volume, and improves the heart function of patients with severe SHPT. These novel findings suggest that the reduced IDH after PTX may act as a braking system that prevents the vicious cycle of inadequate dialysis, fluid overload, and heart failure. Moreover, PTX seems to reverse such adverse effects to achieve normotension and euvolemia, probably through improved heart function and reduced episodes of IDH. Further prospective trials are warranted.
